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Neurons propagate information through circuits by
integrating thousands of synaptic inputs to generate
an action potential output. Inputs from different
origins are often targeted to distinct regions of
a neuron’s dendritic tree, with synapses on more
distal dendrites normally having a weaker influence
on cellular output compared to synapses on more
proximal dendrites. Here, we report that hippo-
campal CA2 pyramidal neurons, whose function
has remained obscure for 75 years, have a reversed
synaptic strength rule. Thus, CA2 neurons are
strongly excited by their distal dendritic inputs from
entorhinal cortex but only weakly activated by their
more proximal dendritic inputs from hippocampal
CA3 neurons. CA2 neurons in turn make strong excit-
atory synaptic contacts with CA1 neurons. In this
manner, CA2 neurons form the nexus of a highly
plastic disynaptic circuit linking the cortical input to
the hippocampus to its CA1 neuronal output. This
circuit is likely to mediate key aspects of hippo-
campal-dependent spatial memory.
INTRODUCTION
Recent findings raise fundamental questions about the circuit
through which the hippocampus processes information from
its entorhinal cortex (EC) inputs to store and propagate spatial
memories. Most previous studies have focused on the trisynap-
tic path (van Strien et al., 2009), in which layer II (LII) neurons of
the EC initially excite dentate gyrus (DG) granule cells, which
then activate CA3 pyramidal neurons, which in turn excite CA1
pyramidal neurons, the major hippocampal output. Genetic
approaches have demonstrated the importance of long-term
potentiation of synaptic transmission (LTP) (Neves et al., 2008)
at each stage of the trisynaptic circuit (McHugh et al., 2007;
Otto et al., 2001; Tsien et al., 1996). However, it has recently
been found that CA1 neurons show high levels of spiking
in vivo and preserve key aspects of hippocampal-dependent
spatial memory even when their CA3 inputs have been disrupted
(Brun et al., 2002; Nakashiba et al., 2008).560 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.The residual hippocampal function in the absence of CA3
inputs has been proposed to depend on the direct inputs from
EC LIII neurons to CA1 neurons, which bypass the trisynaptic
path (Brun et al., 2002; Nakashiba et al., 2008). However,
whereas CA1 neurons are strongly excited by their CA3 inputs,
which terminate on proximal CA1 dendrites, CA1 neurons are
only weakly excited by their LIII inputs, which are targeted to
distal CA1 dendrites and, thus, greatly attenuated by the
dendritic cable (Golding et al., 2005; Spruston, 2008). As a result,
LIII inputs are generally thought mainly to modulate CA1 function
(Dudman et al., 2007; Golding et al., 2002; Judge and Hasselmo,
2004; Levy et al., 1998; Remondes and Schuman, 2002; Takaha-
shi and Magee, 2009) and shape memory storage (Brun et al.,
2008; Remondes and Schuman, 2004), rather than to trigger
CA1 spiking. The difficulty in explaining how weak LIII inputs
can drive CA1 output in the absence of CA3 input prompted us
to reexamine key aspects of the hippocampal circuit, focusing
on CA2 pyramidal neurons.
First characterized by Lorente de No´ in 1934 (Lorente de No,
1934), the CA2 region comprises a small population of neurons
between CA3 and CA1 whose function remains largely unex-
plored. Although CA2 neurons are generally assumed to form
a minor pathway linking CA3 to CA1 (Sekino et al., 1997),
in vivo stimulation of the inputs to EC can trigger the initial firing
of spikes in the CA2 region, followed by CA1 and then CA3 (Bar-
tesaghi and Gessi, 2004), suggesting that CA2 neurons may
mediate a disynaptic link from EC to CA1 (Bartesaghi et al.,
2006). However, it is difficult to understand how EC synapses
could drive CA2 firing as these inputs terminate on distal CA2
dendrites, similar to CA1. Moreover, given the small number of
CA2 neurons and the weak unitary connections between most
hippocampal neurons, it is unclear how CA2 neuron input could
elicit CA1 output. Finally, the finding that CA3-CA2 synapses fail
to undergo normal LTP (Simons et al., 2009; Zhao et al., 2007)
raises questions about the role of CA2 neurons in memory
storage.
Here, we used whole-cell recordings in acute hippocampal
slices to overcome the limitations of extracellular recordings
and directly probe the role of CA2 neurons in the hippocampal
circuit. We find that CA2 neurons operate under an unusual,
reversed rule of synaptic drive. Thus, CA2 neurons receive
uniquely strong convergent excitatory inputs from LII and LIII
EC neurons on their distal dendrites. These synapses undergo
robust LTP and efficiently drive CA2 firing. In contrast, CA3
inputs onto proximal CA2 neuron dendrites are relatively weak,
Table 1. Summary of the Electrophysiological Properties of Pyramidal Neurons in the Different Hippocampal Areas
Input R (MU) Capa (pF) Resting Pot. (mV) AP Ampl. (mV) AP Dur. (ms) Sag Ampl. (mV)
CA1 107 ± 10.7 170.1 ± 11.4 71.9 ± 1.2 95.3 ± 1.8 0.99 ± 0.03 8.4 ± 0.3
CA2 76.2 ± 11.1 305.3 ± 20.8 75.3 ± 1.0 84.8 ± 1.6 0.78 ± 0.02 4.1 ± 0.2
CA3 107.5 ± 28.1 150.1 ± 26.1 74.4 ± 0.8 84.4 ± 4.4 0.95 ± 0.03 4.3 ± 0.4
Input resistance (Input R) and capacitance (Capa) were measured with a 5 mV pulse from a holding potential of 70 mV. The action potential (AP)
amplitude and duration were measured during a 10ms depolarizing pulse and the sag resulting from activation of Ih was measured during a 1 s hyper-
polarization from 70 to 100 mV.
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Integrating CA2 in the Cortico-hippocampal Circuitdominated by feed-forward inhibition, and fail to undergo LTP.
Finally, CA2 neurons make unusually strong unitary connections
with CA1 neurons, forming a potent disynaptic circuit, indepen-
dent of the trisynaptic path that is powerfully regulated by long-
term synaptic plasticity. Thus, through the fine-tuning of synaptic
weights, CA1, CA2, and CA3 pyramidal neurons mediate distinct
patterns of information flow through the hippocampus that are
likely to play specific roles in spatial learning and memory.
RESULTS
Characterization of CA2 Pyramidal Neurons
To date, there have been few detailed electrophysiological
characterizations of CA2 pyramidal neurons and the data that
is available is based on studies of immature rats or guinea pig
(Wittner and Miles, 2007; Zhao et al., 2007). Therefore, we first
characterized the electrophysiological properties of CA2 pyra-
midal neurons and compared their properties to those of CA1
and CA3 pyramidal neurons in slices from adult mouse hippo-
campus. Under DIC optics (see Figure S1 available online), we
visually identified the CA2 area as the region with the thickest
somatic layer located between CA3, characterized by its distinct
mossy fiber terminal layer, and CA1, characterized by its
compact cell body layer.
CA2 pyramidal neurons identified in the above manner dis-
played a series of electrophysiological properties that were
distinct from those of CA1 or CA3 pyramidal neurons. Thus,
the CA2 neuron input resistance was lower and the membrane
capacitance was higher compared to CA1 or CA3 neurons (see
Table 1). Moreover, whereas CA3 neurons fired a burst of action
potentials at the beginning of a depolarizing current step, CA1
and CA2 neurons fired during the entire depolarization (Fig-
ure 1A). CA2 neurons were further distinguished from CA1
neurons because the prominent slow after-hyperpolarization
present in CA1 neurons was absent in CA2 neurons (Figure 1A).
Finally, the depolarizing sag in response to a hyperpolarizing
current pulse, which is caused by the hyperpolarization-
activated cation current (Ih), was much larger in CA1 neurons
than in CA2 neurons (Figure 1B and Table 1). This difference is
consistent with the higher levels of expression of the HCN1
subunit, which underlies Ih in hippocampus, inCA1neurons com-
pared to CA2 or CA3 neurons (Notomi and Shigemoto, 2004;
Santoro et al., 2004). A small proportion of recorded neurons in
CA2 (10%) had different electrophysiological properties than
those described above and were not included in this study.
These cells were likely to be interneurons as they displayedsimilar firing properties to those described previously for CA2
interneurons (Mercer et al., 2007).
To confirm the identity of the putative CA2 pyramidal neurons
from which we obtained the electrophysiological recordings, we
included a fluorescent dye in the patch pipette to label cells and
performed a post hoc immunolabeling for a-actinin 2, a protein
enriched in CA2 pyramidal neurons (Wyszynski et al., 1998). All
labeled neurons that displayed the distinctive electrophysiolog-
ical properties described above (as well as the characteristics
described in the following figures) had the typical dendritic
branching pattern of CA2 pyramidal neurons described
previously (Ishizuka et al., 1995; Wittner and Miles, 2007).
Thus, the apical dendrite bifurcated close to the soma (31.1 ±
3.6 mm, n = 19) into two or three main branches that extended
to stratum lacunosum moleculare (SLM) with few secondary,
oblique branches in stratum radiatum (SR) but many branches
in SLM (Figures 1C and S1). This is in contrast with the
morphology of CA1 neurons, which have a main apical dendrite
that either did not bifurcate within SR or bifurcated far from the
soma (107.6 ± 11.1 mm, n = 14). Moreover, the main apical
dendrite of CA1 neurons had a large number of secondary obli-
que dendrites in SR and few thin branches in SLM (Ishizuka et al.,
1995). In addition, CA2 neurons had a much larger soma
than CA1 neurons (surface area of 391 ± 22 mm2 in CA2 versus
179 ± 11 mm2 in CA1). CA2 neurons could be further distin-
guished from CA3 neurons in that CA2 (and CA1) neuron
dendrites branch along the transverse axis of the hippocampus
(parallel to the plane of the slice) whereas CA3 neurons mostly
extend their dendrites along the longitudinal axis of the hippo-
campus (Ishizuka et al., 1995).
Together, thesedata show that CA2pyramidal neurons display
unique electrophysiological and anatomical features and sug-
gest that they might be engaged differently by synaptic inputs
compared to CA3 or CA1 neurons. Therefore, we next investi-
gated the strength of cortical versus intrahippocampal inputs
onto CA2 neurons and compared these synaptic weights with
those onto CA1 and CA3 neurons.
Reversed Synaptic Drive of EC versus CA3 Inputs
onto CA1 and CA2 Pyramidal Neurons
To compare the efficacy of the LIII EC synaptic inputs in depola-
rizing CA1 versus CA2 neurons, we placed a focal stimulating
electrode in the SLM region of CA1 and obtained whole cell
recordings of the somatic EPSPs from CA1 and CA2 neurons
located approximately equidistant from the stimulating electrode
(Figure 2A). Most CA1 neurons studied were located midwayNeuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc. 561
CA B
-80
-60
CA2
CA1
CA3
150 pA
400 pA
250 pA
-100
-90
-80
-70
CA2
CA1
-400 pA
-200 pA
CA3
-400 pA
-100
-90
-80
-70
-100
-90
-80
-70
-80
-60
-80
-60
CA1
CA2
CA3
Alexa 594
200 μm
50 μm
SO
SR
SLM
SP
CA2100 μm
α-actinin 2
Alexa 594
Figure 1. Identification of CA2 Pyramidal
Neurons
(A) Typical firing of CA1, CA2, and CA3 pyramidal
neurons in response to a 1 s depolarizing current
step. Inset shows an expanded trace to illustrate
that the slow hyperpolarizing potential following
the action potential in CA1 neurons (arrow) is lack-
ing in CA2 neurons.
(B) Voltage response to a 1 s hyperpolarizing
current step (from70 to100 mV). CA1 neurons
displayed a much larger depolarizing sag (medi-
ated by activation of Ih) than CA2 or CA3 neurons.
(C) Top left: Low-power fluorescence image of
a CA2 pyramidal neuron (red arrow) filled with
Alexa 594 during whole-cell recording. Bottom
left: Higher-power fluorescence image showing
same neuron filled with Alexa 594 (red) with
superimposed immunolabeling for a-actinin 2
(green), a protein enriched in CA2 neurons. Right:
Higher-magnification view of Alexa signal in same
neuron showing typical morphological features
of a CA2 neuron, including the presence of two
apical dendrites with a bifurcation point near the soma, very few oblique dendritic branches in SR, and a dense branching in SLM.
SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum moleculare. See also Figure S1.
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Integrating CA2 in the Cortico-hippocampal Circuitalong the transverse axis of CA1, but similar results were ob-
tained for CA1 neurons close to the subiculum or CA2 (see
below). As previously reported (Empson and Heinemann,
1995b), focal stimulation of the LIII EC axons (perforant path) in
SLM elicited only very small EPSPs in the CA1 neuron soma,
even with inhibitory transmission blocked by GABAA and
GABAB receptor antagonists (Figure 2A). Surprisingly, the
same stimulation had a much stronger impact on CA2 pyramidal
neurons, generating somatic EPSPs up to 5 times larger than
those in CA1 (Figure 2A). Thus amoderately strong 20 V extracel-
lular stimulus elicited a mean EPSP of only 1.9 ± 0.4 mV (n = 8) in
CA1 neurons versus an EPSP of 9.4 ± 1.2 mV (n = 10) in CA2
neurons (p < 0.001).
One potential concern with such results is that the difference in
excitatory drive is an artifact caused by differences in the extent
to which the EC inputs to the CA1 andCA2 regions are preserved
in the hippocampal slice preparation or activated by the focal
stimulating electrode. However, three lines of evidence argue
that the difference is genuine. First, the extracellular field poten-
tial (fEPSP) elicited by the distal focal stimulation, an index of the
local synaptic current density, was identical in simultaneous
recordings from the SLM region of CA1 and CA2 (Figure 2B),
indicating that we activated an equal synaptic input. Second,
the extracellular presynaptic fiber volley isolated after blocking
synaptic transmission (which reflects the number of activated
axons) was also identical in CA1 and CA2 (data not shown).
Third, to minimize any potential differences due to the location
in the slice of the recorded cells, we examined CA1 neurons at
the border with CA2. These CA1 neurons had the typical electro-
physiological features and morphology of neurons in regions
of CA1 more distal to CA2 (Figure S2A). Despite their proximity
to CA2, such CA1 neurons also displayed very small EPSPs
in response to LIII EC stimulation, similar to the EPSPs seen
in more distal regions along the transverse axis of CA1
(Figure S2B). Although thalamic input from nucleus reuniens
also runs in SLM (Wouterlood et al., 1990) and may contribute562 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.to the EPSP evoked by electrical stimulation in SLM, such inputs
are unlikely to contribute to the large CA2 EPSP as the density
of thalamic fibers diminishes abruptly at the transition from
CA1 to CA2.
As stimulation of LIII inputs engages a strong feed-forward
inhibition to CA1 neurons (Empson and Heinemann, 1995a),
we examined whether the increased excitatory drive in CA2
might be offset by a large feed-forward inhibitory response.
However, when we measured the net synaptic response
with inhibition intact (no GABA blockers), the distinction
between CA2 and CA1 became even more marked. Although
LIII stimulation still evoked a large net depolarizing response in
CA2 neurons, there was now often a net hyperpolarizing
response observed in CA1 neurons (Figure 2C). The hyperpol-
arization in CA1 was not due to a lack of excitatory inputs as
all CA1 neurons exhibited a clear EPSP in response to LIII
stimulation in the presence of GABA blockers (n = 24 out of
24 neurons).
We isolated the underlying inhibitory postsynaptic potential
(IPSP) from the net synaptic response by subtracting the
synaptic response in the presence of GABA blockers (pure
EPSP) from the response in the absence of blockers (combined
EPSP and IPSP). The deduced IPSP in CA2 neurons was similar
in size to that in CA1 neurons. Thus, the IPSP (elicited by a 20 V
stimulus) was2.3 ± 0.4 mV in CA1 (n = 8) versus3.7 ± 1.2 mV
in CA2 (n = 8; p = 0.26; Figure 2C). However, the large CA2
EPSPs ensured the presence of a net depolarizing response
even when inhibition was intact, with a 3- to 4-fold ratio of exci-
tation to inhibition (Figure 2D). In contrast, the small size of the
EPSPs in CA1 neurons resulted in an EPSP/IPSP ratio close to
(or slightly less than) one.
CA1 neurons receive their major excitatory input from the CA3
Schaffer collateral inputs (SC), whose synapses terminate on
proximal dendrites of both CA2 and CA1 neurons in SR. As the
SC synapses provide a much stronger excitatory drive onto
CA1 neurons than do the LIII inputs, we expected that the SC
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Figure 2. Distal Layer III EC Inputs Strongly
Depolarize CA2 Neurons but Are Mostly
Inhibitory in CA1 Neurons
(A) Top: Arrangement of recording and stimulating
electrodes and sample whole cell current-clamp
EPSPs recorded from CA1 and CA2 pyramidal
neurons in response to stimulation of LIII EC inputs
at 4, 8, and 16 V intensities. Bottom: Averaged
EPSP input-output curves in CA1 and CA2
neurons. Inhibition was blocked with 100 mM
Picrotoxin and 2 mM CGP 55845A (PTX/CGP).
(B) Sample traces and input-output curves ob-
tained with extracellular recordings of fEPSPs in
SLM of CA1 and CA2 areas with inhibitory trans-
mission blocked (as above).
(C) Top: Representative synaptic voltage
responses from CA1 and CA2 pyramidal neurons
in response to LIII stimulation before (Control)
and after GABA receptor blockade (PTX/CGP).
The inhibitory postsynaptic potential (IPSP) com-
ponent of the response was isolated by taking
the difference between control responses and
pure EPSPs obtained in the presence of PTX/
CGP. Bottom: Averaged IPSP input-output curves
in CA1 and CA2 neurons.
(D) Summary graph of the EPSP/IPSP amplitude
ratio from the populations of cells shown in (C).
All synaptic responses were recorded with mem-
brane potential held at 73 mV using constant
current injection. Error bars show SEM. See also
Figure S2.
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Integrating CA2 in the Cortico-hippocampal Circuitinputs would potently excite CA2 neurons. Instead, we found
that the SC EPSPs (with inhibition blocked) were significantly
smaller in CA2 neurons than in CA1 neurons. Thus, the SC
EPSP (elicited by a 16 V stimulus) was equal to 17.5 ± 2.6 mV
in CA1 (n = 8) versus 10.8 ± 2.2 mV in CA2 (n = 7; p = 0.008;
Figure 3A). The larger SC intracellular EPSP in CA1 versus CA2
neurons is likely to result from a larger excitatory synaptic current
as the local fEPSP in the SR region of CA1 was larger than that in
CA2 (Figure 3B), despite similar fiber volleys in both areas (not
shown). The larger SC synaptic response in CA1 versus CA2 is
consistent with the greater number of oblique dendritic branches
in the SR of CA1 compared to CA2 neurons and the more exten-
sive branching of CA3 axons in CA1 versus CA2, suggestive of
a greater number of synaptic contacts.
In contrast to the difference in EPSP size, IPSPs evoked
by SC stimulation were similar in CA1 and CA2 neurons (Fig-
ure 3C). Thus, activation of SC inputs (by a 16 V stimulus in
SR) elicited an IPSP of 12.6 ± 2.9 mV in CA1 (n = 8) versus
an IPSP of 13.8 ± 2.4 mV in CA2 (n = 7; p > 0.5). As a
result, SC stimulation produced a large net depolarization in
CA1 neurons (EPSP/IPSP ratio 2), whereas inhibition pre-
vailed over excitation in CA2 (EPSP/IPSP < 1; Figure 3D).
Altogether, these data show that CA1 and CA2 pyramidal
neurons display a reversed net synaptic drive along their
apical dendrites in response to stimulation of their EC versus
SC inputs that is caused by differences in the strength of the
underlying EPSPs.LIII EC Inputs Drive Firing in CA2 but Not
CA1 Pyramidal Neurons
What are the consequences of the differences in somatic
EPSPs following stimulation of the LIII or SC inputs in driving
the firing of CA1 and CA2 neurons? To address this question,
we activated these two inputs with a brief burst of stimuli (5
at 100 Hz) and measured action potential firing in CA1 and
CA2 neurons. With inhibition intact, LIII stimulation produced
a net hyperpolarization and failed to elicit a spike in CA1
neurons. In contrast, LIII stimulation produced a net depolariza-
tion in CA2 neurons that was sufficient to trigger one or more
spikes in 20% of cells tested (n = 3/15; Figures 4A and 4B).
Following block of inhibition, the burst of LIII stimuli caused
a larger depolarization that triggered spikes in 80% of CA2
neurons (n = 12/15) but remained subthreshold for nearly all
CA1 neurons (only 1 in 12 fired a spike; Figure 4C). We obtained
similar results using extracellular field recordings of the popula-
tion spike (PS) in the CA1 and CA2 somatic layers: single or
paired stimulation of LIII inputs consistently evoked a PS in
CA2 but not in CA1, where only a small field EPSP was present.
Blocking inhibition greatly increased the PS amplitude in CA2
but failed to lead to a PS in CA1 (not shown). These field
recording results indicate that the differential ability of LIII inputs
to drive firing in CA2 but not CA1 is genuine and not an artifact
of the whole-cell recordings.
We next compared the ability of a burst of SC stimulation to
drive firing of CA1 versus CA2 neurons. As expected, the SCsNeuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc. 563
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Figure 3. Proximal SC Inputs Efficiently
DepolarizeCA1NeuronsbutProvideaLarge
Inhibitory Drive in CA2
(A) Sample EPSPs and input-output curves in CA1
and CA2 neurons in response to stimulation of SC
inputs with inhibition blocked by Picrotoxin and
CGP 55845A. Data are not shown for stimulation
intensities above 16 V for CA1 neurons because
the large EPSPs triggered spikes.
(B) Sample traces and input-output curves ob-
tained for extracellular recordings of fEPSPs in
SR of CA1 and CA2 with inhibition blocked.
(C) Top: Sample traces of whole-cell synaptic res-
ponses in CA1 and CA2 neurons obtained before
(control) and after GABA receptor blockade (PTX/
CGP). The IPSPwas isolated by subtracting traces
in the presence of PTX/CGP from control traces.
Bottom: Averaged IPSP input-output curves in
CA1 and CA2 neurons.
(D) Summary graph of the EPSP/IPSP amplitude
ratio from cells recorded in (C).
All synaptic responses were obtained with resting
membrane potential set at73 mV using constant
current injection. Error bars showSEM inall panels.
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Integrating CA2 in the Cortico-hippocampal Circuitexerted a powerful excitatory drive in CA1, triggering spikes in
over 1/3 of neurons tested (n = 4/11; Figures 4D and 4E). In
contrast, SC stimulation never led to firing in CA2 (n = 0/8) but
rather elicited a large net hyperpolarizing response (Figures 4D
and 4E). Blocking inhibition greatly increased the efficiency of
spike firing in CA1 neurons, with 100% of neurons firing spikes
(11/11) and also enabled the SC inputs to trigger spikes in the
majority of CA2 neurons (75%, n = 6/8; Figure 4F). This suggests
that SC inputs on their own are strong enough to drive firing in
CA2 pyramidal neurons, but their impact is tightly controlled by
feed-forward inhibition.
LII and LIII EC Neurons Produce Strong Convergent
Excitation of CA2 Pyramidal Neurons
LII EC axons form excitatory synapses on granule cells in the
molecular layer of dentate gyrus (DG), then project onto the distal
dendrites of CA3 neurons, and finally terminate in a U shaped-
area near the distal dendrites of CA2 (Niimi et al., 2007; Nishi-
mura-Akiyoshi et al., 2007; Tamamaki and Nojyo, 1995). To
examine whether LII axons also form synapses on CA2 neurons,
we excited LII inputs with a focal stimulating electrode in the
middle molecular layer of DG. Activation of LII inputs with
a moderate stimulus produced surprisingly large EPSPs in CA2
neurons with little synaptic delay, indicating they weremonosyn-
aptic responses (Figures 5A and 5B). Stronger stimulation of LII
inputs evoked a large inhibitory response and addition of GABA
blockers unmasked polysynaptic EPSPs (Figure 5A). This poly-564 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.synaptic response likely resulted from
the recruitment of the DG/CA3/CA2
pathway—either by activation of LII
inputs to granule cells or by their direct
activation—as it was blocked by the
mGluR-II agonist DCG-IV, which
produces potent presynaptic inhibitionat the mossy fiber synapses from DG to CA3 neurons but does
not alter SC EPSPs (Kamiya et al., 1996; Figure 5A).
Extracellular recordings of field potentials in the SLM of CA2
provided further support that the field stimulation in DG was
able to recruit both monosynaptic LII/CA2 excitatory inputs
as well as the DG/CA3/CA2 pathway. Evidence for the pres-
ence of a monosynaptic response from LII inputs is based on the
fast negative voltage response in SLM (fEPSP), consistent with
the presence of a local inward excitatory synaptic current
(current sink). With stronger LII stimulation, this negative field
response was followed by a late positive voltage response (Fig-
ure 5A). The reversed direction of the late response indicates that
it does not originate at the site of the recording but likely reflects
a local outward current in the distal dendrites (current source)
due to an inward excitatory synaptic current sink generated by
the SC inputs onto more proximal regions of the CA2 dendrite.
Again, only the late response was abolished by application of
DCG-IV (Figure 5A). The LII inputs also elicited direct EPSPs
in CA3 neurons. However, CA3 EPSPs were less than half
the size of CA2 responses. A 20 V stimulus intensity elicited
an EPSP of 2.8 ± 0.8 mV in CA3 neurons (n = 6) versus 7.4 ±
0.9 mV in CA2 (n = 8; p < 0.003; Figure 5B).
To confirm the strong connection between the cortex and
CA2, as well as the selectivity of the stimulation of layer II and
layer III EC inputs, we obtained extracellular field potential
recordings from different regions along the transverse axis of
the cell body layer of the hippocampus in the CA1, CA2, and
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Figure 4. LIII EC Inputs Drive Spiking in CA2
but Not CA1 Pyramidal Neurons
(A–C) Somatic voltage responses of CA1 and CA2
neurons to a brief burst of stimuli applied to LIII EC
inputs. (A) Top: Sample whole-cell voltage record-
ings in CA1 and CA2 pyramidal neurons in
response to a brief train of stimuli to LIII EC inputs
(5 stimuli at 100 Hz), recorded in control conditions
or in presence of PTX/CGP. (B) Probability of
action potential firing for CA1 and CA2 pyramidal
neurons as a function of EPSP number during
the 5-stimuli bursts using 10 or 20 V stimulus
strengths (inhibition was intact). (C) Probability of
eliciting an action potential during a 5 pulse burst
in presence of PTX/CGP.
(D–F) Somatic voltage responses of CA1 and CA2
neurons to a burst of 5 stimuli applied to SC inputs.
Panels and other conditions as in (A)–(C). Experi-
ments performed at initial resting membrane
potential (70.5 mV for CA1 and 72.4 mV for
CA2 in control; 67.8 mV for CA1 and 67.7 mV
for CA2 in PTX/CGP).
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Integrating CA2 in the Cortico-hippocampal CircuitCA3 regions. Upon focal stimulation in either SLM of CA1 or the
molecular layer of DG, the largest field potential response was
observed in the CA2 cell body area (Figures 5C–5E). DG stimula-
tion produced a smaller but detectable field response in CA3
with little or no response in CA1. In contrast, stimulation in
SLM of CA1 produced a sizable response in CA1 with little
response in CA3. These data are consistent with the known
anatomical projections of LII and LIII EC axons and confirm
that our stimulating electrodes in DG and CA1 specifically
recruited LII and LIII inputs, respectively. Moreover, these inputs
produced their largest synaptic response in CA2.
As both LII and LIII neurons fire during theta activity (Hafting
et al., 2008), we wondered whether these inputs converge on
the same CA2 pyramidal neuron. Indeed, all CA2 neurons
exhibited EPSPs in response to independent stimulation
of both LII and LIII inputs (n = 20). When activated together,
LII and LIII EPSPs showed linear summation for small ampli-
tude EPSPs, whereas larger amplitude EPSPs displayed sub-
linear summation (Figure 6A). This likely resulted from satura-
tion as the distal EPSPs approached their reversal potential,
and not from recruitment of an inhibitory component, as simi-
lar results were observed with inhibition blocked (data not
shown).Neuron 66, 560–During theta activity, LII neurons fire
earlier in successive cycles (phase
precession), while LIII neurons fire
randomly or at a fixed phase during the
cycle (Hafting et al., 2008). Thus, both
layers rarely fire synchronously but are
activated within tens of milliseconds of
each other. When stimulated at different
intervals, the two inputs summated over
a symmetrical time window that lasted
around 20 ms and showed a maximum
summation when activated simulta-
neously (Figure 6B). Blockade of inhibi-tion increased summation when LII was activated first, likely
because LII stimulation also recruited CA3 inputs to CA2
(Figure 6B). These results show that both LII and LIII converge
onto CA2 neurons where they interact and exert their maximal
effect throughout the hippocampus.
Both LII and LIII Synapses onto CA2 Neurons Express
Robust Long-Term Potentiation
If CA2 pyramidal neurons are part of a disynaptic cortico-hippo-
campal loop important for memory formation, then we might
expect toobserve robust LTPat theEC-CA2synapses.However,
previous studies using whole-cell recordings reported that LTP
could not be induced at the SC-CA2 synapses under normal
conditions (Simons et al., 2009; Zhao et al., 2007). As it is possible
that the whole-cell recording configuration led to a washout
of LTP, we investigated whether LTP could be induced at SC-
CA2 synapses using extracellular recordings of CA2 fEPSPs.
However, our results confirmed the previous whole-cell findings
as high-frequency tetanic stimulation (HFS) of the SC inputs led
to only a small and transient potentiation of the CA2 fEPSPs (Fig-
ure 7A). In contrast, and as expected, a large LTP was observed
for the SC fEPSPs in CA1 neurons (Figure 7A; 153.5% ± 13.0%
[n = 9] in CA1; 108.9% ± 4.2% [n = 9] in CA2; p = 0.006).572, May 27, 2010 ª2010 Elsevier Inc. 565
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Figure 5. LII and LIII EC Inputs Converge
onto CA2 Pyramidal Neurons
(A) Left: Position of stimulating electrode in the
middle molecular layer of DG and whole recording
pipette in CA2. (1) Sample whole-cell voltage
responses from a CA2 neuron following stimula-
tion of LII axons. Synaptic responses under control
conditions (black trace, no blockers) or after block-
ing inhibition (PTX/CGP, gray trace). Note polysyn-
aptic EPSPs with inhibition blocked (arrow). The
polysynaptic response in PTX/CGP (gray trace)
was abolished after addition of the Type II mGluR
agonist DCG-IV (1 mM, black trace). (2) Extracel-
lular recordings of the fEPSP from SLM of CA2
(gray trace) show that strong LII stimulation in DG
elicited an early negative voltage response (current
sink) followed by a delayed, positive response
(current source). Only the late positive response
was abolished by DCG-IV application (black
trace).
(B) Left: Whole-cell EPSPs recorded from CA2
or CA3 pyramidal neurons in response to 10, 15,
and 20 V intensity stimulation of LII inputs in DG.
Right: Mean EPSP input-output curves for CA2
and CA3 pyramidal neurons in response to stimu-
lation of LII inputs. Inhibition was blocked with
PTX/CGP.
(C) Schematic drawing illustrating the location of the different hippocampal areas. LII and LIII EC inputs were stimulated independently and extracellular field
responses were recorded in the somatic layer at different regions of the hippocampus.
(D) Sample traces recorded in the different hippocampal areas following LII and LIII stimulation. Left: LII stimulation evoked the largest response in CA2 with
a smaller response in CA3 and little response in CA1. Positive extracellular voltage responses in the somatic layer is caused as negative synaptic current entering
the dendrite leaves the somaaspositivemembrane current. Right: LIII responsesare largest inCA2,with a smaller response inCA1 and little or no response inCA3.
(E) Plot of mean somatic fEPSP amplitude in different hippocampal subfields in response to stimulation of LII and LIII inputs. Inhibition was intact.
Error bars show SEM.
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Integrating CA2 in the Cortico-hippocampal CircuitIn contrast to the lack of LTP at CA3-CA2 synapses, we
observed a surprisingly large and robust LTP of LIII-CA2 fEPSPs
(162.5% ± 9.1%, n = 9). Moreover, this LTP was also much
greater than the weak LTP observed at the LIII inputs to CA1
(127.1% ± 5.4%, n = 7; p = 0.01; Figure 7B). The induction of
LTP at LIII synapses in both CA1 and CA2 was blocked by the
NMDA receptor antagonist APV, indicating these two processes
share certainmolecular mechanisms (Figure S3A).We confirmed
that the large LTP of the fEPSP was actually due to potentiation
of synaptic responses in CA2 pyramidal neurons using whole-
cell recordings (Figure S3B; 158.7% ± 5.2%, n = 6). Finally,
induction of LTP at the LIII inputs produced a large, 250%
increase in the amplitude of the CA2 population spike elicited
by strong LIII stimulation (Figure S4A), indicating an enhance-
ment in the efficiency with which cortical inputs drive CA2 firing.
The LII EC synapses with CA2 neurons also generated a large
LTP (194.3% ± 9.8% increase in the fEPSP, n = 6) that was more
than two-fold greater than the amount of LTP at LII synapses in
CA3 (135.1% ± 9.3%, n = 6, p = 0.0008; Figure 7C). LTP at the
LII-CA2 synapses was not altered in slices in which the mossy
fiber inputs to CA3 were cut, or with DCG-IV present to block
glutamate release from the mossy fiber terminals, indicating that
the LTP did not require activation of CA3 neurons (Figure S4B).
Although LII and LIII EC inputs to CA2 terminate in close prox-
imity in SLM, LTP was pathway specific because LIII EC inputs
displayed only a small and transient increase in efficacy when
the HFS was delivered to LII EC inputs (Figure S4C).566 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.Paired Recordings Demonstrate Strong Unitary
CA2-CA1 Synaptic Connections
If CA2 pyramidal neurons are indeed part of a powerful disynap-
tic pathway that drives hippocampal output, the CA2 neurons
might be expected to make strong unitary excitatory connec-
tions with CA1 pyramidal neurons. Anatomical reconstructions
have shown that CA2 pyramidal neurons send their axons to
both SR and stratum oriens (SO) of CA1 (Tamamaki et al.,
1988), whereas ipsilateral CA3 neurons only send their axons
to SR. However, the postsynaptic target of CA2 neurons has
not been verified and a synaptic connection between CA2 and
CA1 pyramidal neurons has never been reported. To address
this issue, we first determined whether CA2 axons reached
area CA1 in the mouse hippocampal slices using a functional
approach. Local stimulation of fibers in either the SR or SO
regions of CA1 routinely was able to elicit antidromic spikes in
the somatic layer of CA2. In contrast, an antidromic spike was
only elicited in CA3 neurons when the stimulating electrode
was placed in SR, but not in SO, of CA1. These results are
consistent with the known anatomical innervation patterns of
CA2 and CA3 axons and confirm that CA2 axons do indeed
project to both SR and SO of CA1 (Figure 8A).
To determine whether CA1 pyramidal neurons are innervated
by CA2 neuron axons and to measure the strength of such
connections, we performed paired recordings between single
CA2 and CA1 neurons (that is, unitary synaptic connec-
tions). As reported for CA3-CA1 connections (Bolshakov and
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Figure 6. Integration of LII and LIII Cortical Inputs onto CA2 Pyra-
midal Neurons
(A) Sample voltage responses (left) and mean whole cell voltage responses
(right) evoked in CA2 neurons following stimulation of LII or LIII independently
(white and gray circles, respectively) or simultaneously (black circles). The pre-
dicted linear sum is shown by triangles. Inhibition was intact.
(B) Sample voltage traces (left) and summary graph (right) of whole-cell EPSP
amplitudes following paired stimulation of LII and LIII (5 V stimulus) at
different intervals (time of stimulation of LIII minus time of stimulation of LII)
before (Control, white circles) and during block of inhibition (PTX/CGP, black
circles). The peak amplitude of the second EPSP is plotted as a percentage
of the peak amplitude of the first EPSP during each pair.
Error bars show SEM in all panels.
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Figure 7. Robust LTP Is Present at Cortico-CA2 but Not CA3-CA2
Synapses
(A) Stimulation of SC inputs induces LTP of the extracellular fEPSP in CA1 but
only transient potentiation inCA2.Left: Experimental set-upshowingstimulating
electrode in middle of SR in CA1 midway between extracellular field recording
electrodes placed in SR of CA2 and CA1. Sample traces of fEPSPs recorded
simultaneously in CA1 andCA2 before (black) and after (gray) delivery of tetanic
stimulation to SC inputs are shown below. Right: Summary graph of normalized
fEPSP slope simultaneously recorded from CA1 (open circles) and CA2 (filled
circles) before and after delivery of tetanic stimulation (at arrow; n = 9).
(B) Stimulation of LIII inputs produces larger LTP in CA2 than CA1. Left: Exper-
imental set-up showing stimulating electrode placed in middle of SLMmidway
between two field recording electrodes placed in SLM of CA2 and CA1.
Sample fEPSPs in CA1 and CA2 in response to stimulation of LIII EC inputs
before (black) and after (gray) induction of LTP are shown below. Right:
Summary graph showing normalized fEPSP responses before and after
delivery of tetanic stimulation to LIII inputs (n = 7 and 9 for CA1 and CA2,
respectively, with 6 simultaneous recordings).
(C) Stimulation of LII inputs produces larger LTP in CA2 than CA3. Left: Exper-
imental set-up showing stimulating electrode placed in middle molecular layer
of DG and two field recording electrodes placed in SLM of CA3 and CA2.
Sample CA2 and CA3 fEPSPs before (black) and after (gray) induction of
LTP are shown below. Right: Summary graph of normalized CA2 and CA3
fEPSPs in response to stimulation of LII EC inputs, before and after tetanic
stimulation (n = 6 simultaneous recordings).
All experiments performed in PTX/CGP. Error bars show SEM. See also
Figures S3 and S4.
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Integrating CA2 in the Cortico-hippocampal CircuitSiegelbaum, 1995), the probability of connectivity between CA2
and CA1 neurons was very low in transverse slices (5%, 5 out
of 100 pairs tested), limiting our ability to obtain detailed data.
Nonetheless, we were able to characterize the synaptic proper-
ties of three of the five connected pairs using dual whole-cell
recordings and two of the connections using whole-cell record-
ings from a CA1 neuron and extracellular stimulation of a single
CA2 neuron through a cell-attached patch pipette. To improve
the signal-to-noise ratio, we recorded excitatory postsynaptic
currents (EPSCs) from CA1 neurons under whole-cell voltage-
clamp conditions.
As expected for quantal synaptic transmission, successive
presynaptic stimuli either elicited unitary EPSCs of variable
amplitude (successes) or failed to trigger an EPSC (failures).
Histograms of the EPSC amplitude distribution showed a prom-
inent peak at 0 pA, representing the failures (Figures 8B and 8C),
and a broad distribution of EPSC successes clearly resolvableNeuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc. 567
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Figure 8. Unitary Recordings from Pairs of
Synaptically Connected CA2 and CA1
Neurons Reveal Multiquantal Responses
(A) Antidromic action potentials are recorded
extracellularly in CA2 and CA3 cell body layers in
response to extracellular stimulation in SO or SR
of CA1. Left: Experimental set-up showing place-
ment of field recording electrodes in CA2 and
CA3 cell body layer and stimulating electrodes in
SO (electrode S1) and SR (electrode S2) of CA1.
Both excitatory and inhibitory transmission were
blocked with CNQX/APV and PTX/CGP, respec-
tively. Right: Stimulation through electrode S1 in
SO led to an extracellular population spike (PS,
following stimulus artifact at arrow) in CA2 but
not CA3. Stimulation through electrode S2 in SR
led to a PS in both CA2 and CA3.
(B) Left: Experimental set up showing placement of
patch pipettes during dual whole cell recordings
from CA2 and CA1 pyramidal neurons. Right:
Inset, whole-cell voltage-clamp currents in a CA1
neuron showing two EPSCs (successes) and one failure in response to the firing of single spikes in the CA2 neuron (not shown). CA1 EPSC amplitude histogram
shows a prominent peak of failures at 0 pA and peaks of successes at approximately 4 and 8 pA. CA1 neuron was held at 73 mV.
(C) EPSC amplitude histogram from a second paired whole-cell recording between a presynaptic CA2 and postsynaptic CA1 neuron, showing 4–5 peaks of EPSC
successes at integral multiples of 5 pA. Cell held at 73 mV.
(D) Plot of EPSC failure rate and potency (average EPSC amplitude of a success) in CA1 neurons in response to firing a single action potential in a synaptically
connected CA2 neuron. Black circles show values for individual experiments and white circles give means. Values for CA3-CA1 paired recordings obtained in
similar conditions (replotted from McMahon et al., 1996) are shown for comparison (gray triangle).
Error bars show SEM.
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Integrating CA2 in the Cortico-hippocampal Circuitfrom the peak of failures. The probability of a CA2-CA1 EPSC
success ranged between 0.4 and 0.6 (Figure 8D), similar to the
value at CA3-CA1 synapses (Bolshakov and Siegelbaum, 1995).
However, the potency (average amplitude of EPSC successes)
was about 2-fold larger at CA2-CA1 synapses, around 8 pA
(Figure 8D), than previously reported for CA3-CA1 synapses,
around 4 pA (Bolshakov and Siegelbaum, 1995; McMahon
et al., 1996). In addition, whereas a single peak of EPSC
successes was reported for CA3-CA1 synapses, the CA2-CA1
EPSCs always showed multiple peaks of successes, which
occurred at equally spaced intervals of around5 pA (Figure 8B).
In one pair of CA2 and CA1 neurons, we observed five distinct
peaks of equally spaced EPSC successes (Figure 8C). The
multiple peaks of successes may reflect the simultaneous
release of multiple quanta of transmitter, either at a single
synaptic contact or at independent synapses. In the latter
case, the release probability at an individual synapse will be
lower than the typical success probability.
Given the strong unitary connection between individual CA2
and CA1 neurons, we next asked whether CA2 neurons, despite
their small number compared to CA3 neurons, might provide
a sufficient synaptic drive to fire CA1 neurons, thus completing
a putative cortico-CA2-CA1 loop. We applied a brief train of
stimuli (2–5 pulses) to LIII axons to elicit spikes in CA2 neurons
(Figure 9A). As described above, moderate intensity stimulation
of LIII axons (%15 V) evoked only a small, direct EPSP in the CA1
neurons. However, when we increased the stimulus strength to
20-40 V, a large, late polysynaptic EPSP was elicited in the
CA1 neurons that eventually reached threshold for firing an
action potential (Figure 9A). This polysynaptic response was
only observed when the LIII stimulation elicited spikes in CA2568 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.neurons, as indicated by simultaneous extracellular recordings
of the PS in the CA2 somatic layer (Figure 9A). Furthermore,
the polysynaptic response in CA1 was present when slices
were cut between CA3 and CA2 in 4/6 experiments, indicating
that CA3 was not involved in this process. However, polysyn-
aptic responses and action potentials were never evoked in
CA1 neurons when slices were cut between CA2 and CA1,
even with stronger LIII stimulation (up to 60 V, n = 8; Figure 9B).
Thus, our results in hippocampal slices demonstrate that CA2
neurons can be driven by their cortical inputs to elicit the firing
of CA1 neurons, enabling cortical input to drive hippocampal
CA1 output in a disynaptic loop.
DISCUSSION
Our results in hippocampal slices firmly integrate CA2 pyramidal
neurons within the cortico-hippocampal circuit and provide four
main conclusions. First, CA2 neurons receive uniquely strong,
convergent excitatory input from LII and LIII EC neurons, the
only site of such convergence in the hippocampus. Second,
CA2 neurons strongly excite CA1 pyramidal neurons through
potent excitatory synaptic connections. Third, both the LII and
LIII synapses with CA2 neurons undergo strong LTP, enhancing
the efficacy with which these inputs fire CA2 neurons. Fourth, the
inputs to CA2 neurons from CA3 neurons recruit strong feed-
forward inhibition. Altogether, our findings in acute slices reveal
that CA2 neurons are amajor target of excitatory cortical input to
the hippocampus and can potently excite their CA1 neuron
targets. In contrast, CA2 neurons are largely inhibited by their
intrahippocampal input from CA3 pyramidal neurons. The view
that CA1 neurons are only weakly excited by their direct EC
B
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Figure 9. Direct Evidence for Cortico-CA2-CA1 Loop
(A) Stimulation of LIII inputs in the SLM of CA1 elicits spikes in CA2 that trigger
a suprathreshold EPSP in CA1. Bottom: Experimental set-up showing stimu-
lating electrode in SLM of CA1, extracellular field recording electrode in the
CA2 cell body layer, and the whole-cell recording electrode in the CA1 cell
body layer. Top: A brief train of stimuli to LIII (3 at 100 Hz) elicited a PS burst
in CA2 and a polysynaptic EPSP in CA1. Response in CA2 is shown for a
30 V stimulus. Upward deflections are stimulus artifacts and downward deflec-
tions are extracellular PS (arrows). Intracellular voltage recordings from a CA1
neuron show that: a 15 V stimulus elicits a monosynaptic response (light gray
trace); a 25 V stimulus elicits a subthreshold polysynaptic response (dark gray
trace); and a 30 V stimulus elicits a suprathreshold polysynaptic response
(black trace). Experiment performed in PTX/CGP. To avoid any contribution
from SC CA3 inputs, the slice was cut between CA3 and CA2.
(B) Experiment similar to that in (A) except that the slice was cut between CA2
and CA1 from SO to SR (SLMwas kept intact). Note the lack of suprathreshold
polysynaptic response in the CA1 neuron at high stimulation intensities (40 and
60 V) that elicited pronounced spike firing in CA2.
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Integrating CA2 in the Cortico-hippocampal Circuitinputs but can be driven by a disynaptic loop through CA2
has been previously inferred from in vivo recordings of hippo-
campal field potentials in response to stimulation of the commis-
sural inputs to EC (Bartesaghi and Gessi, 2004; Bartesaghi
et al., 2006). The good agreement between these in vivo record-
ings and our findings indicates that the differential synaptic
responses we observe among CA1, CA2, and CA3 neurons are
genuine and not an artifact of the hippocampal slice preparation.
CA2 Synaptic Properties Ensure Independent
Disynaptic and Trisynaptic Hippocampal Loops
In addition to the unexpectedly large excitatory drive that the
distal EC inputs exert on CA2 neurons, we find that the SC inputs
from CA3 neurons recruit a very large feed-forward inhibition
onto the CA2 neurons. This inhibition is likely to be important in
gating information flow between CA3 and CA2 and may explain
why CA2 neurons do not normally mediate a significant quadri-synaptic loop from EC to DG to CA3 to CA2 to CA1. Because
this strong inhibition is initially engaged by the same input that
directly activates CA2 (layer II input), it will preserve indepen-
dence between the di- and the triynaptic loops. The strong
inhibition might also terminate CA2 neuron firing after its initial
activation by the disynaptic loop, and thus prevent excessive
activation of CA1 neurons. The relevance of this inhibitory drive
is suggested by the findings that selective decreases in CA2
inhibition are associated with schizophrenia (Benes et al., 1998)
and epilepsy (Williamson and Spencer, 1994), two pathological
conditions in which hippocampal excitability is increased.
Our findings also demonstrate how the synaptic drive of the
same class of LIII EC inputs onto neighboring CA1 and CA2
neurons can be tuned to differentially route information through
the hippocampal circuit. The weak excitatory drive of the cortical
inputs toCA1neurons likely restricts these inputs to amodulatory
role in regulating CA1 output, for example, providing instructive
signals for the induction of plasticity at the more potent CA3
inputs (Dudman et al., 2007; Judge and Hasselmo, 2004; Levy
et al., 1998; Remondes and Schuman, 2002). In contrast, the
strong excitatory drive of the cortical inputs to CA2 neurons,
combined with the unusually powerful unitary synaptic connec-
tion between CA2 and CA1 neurons, forms a robust disynaptic
circuit that may be sufficient to drive CA1 neuron output to
mediate key hippocampal functions in spatial learning and
memory.
Reversal of Normal Dendritic Integration Rules between
CA1 and CA2 Neurons
Because of the cable properties of neuronal dendrites, excitatory
synaptic inputs terminating on the distal regions of the dendritic
tree usually provide a much weaker excitatory drive at the soma
compared to inputs that terminate on more proximal regions
of the dendritic tree. This normal pattern of synaptic drive is
apparent in CA1 pyramidal neurons, where activation of the
distal synaptic inputs from EC produces a much smaller somatic
EPSP compared to activation of the more proximal SC inputs. In
contrast, CA2 neurons display a reversed pattern of synaptic
strength, with the distal EC inputs providing a much larger excit-
atory drive compared to the proximal SC inputs. This reversed
excitatory drive in CA2 versus CA1 is due to two factors. First,
the somatic EPSPs elicited by distal (EC) stimulation are five-
fold larger in CA2 versus CA1 neurons. Second, the somatic
EPSPs elicited by proximal (SC) stimulation are smaller in CA2
than CA1 neurons.
The difference in size of somatic EPSPs in CA1 versus CA2
neurons elicited by distal EC stimulation is likely to reflect
intrinsic differences in the extent to which the distal dendrites
of the two neurons integrate and attenuate the local EPSP as it
propagates to the soma, rather than to differences in the efficacy
of local synaptic transmission. Thus, we found that the distal
synaptic current density (measured by the fEPSP) in response
to distal stimulation in SLM is identical in CA1 and CA2. More-
over, whereas CA1 dendrites attenuate distal EPSPs by a factor
of 50–100 at the soma (Golding et al., 2005; Spruston, 2008), the
CA2 dendritic cable can produce at most a 7-fold attenuation of
the distal EPSP, given that the CA2 somatic EPSP in response to
LIII stimulation is up to 10 mV in amplitude and the distal EPSPNeuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc. 569
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Integrating CA2 in the Cortico-hippocampal Circuitcan be at most 70 mV (the difference between the EPSP reversal
potential and the resting potential). In principle, the enhanced
propagation of the distal EPSP to the CA2 neuron soma may
also reflect active properties of the CA2 dendrites to amplify
the distal EPSPs. However, the presence of sublinear summa-
tion between layer II and layer III EPSPs argues against this
possibility.
Additional studies will be needed to elucidate the dendritic
mechanisms underlying the differences in the propagation of
EPSPs in CA2 and CA1 neurons. However, certain qualitative
differences are already apparent in the structure and functional
properties of the dendrites of these two neurons that might
contribute to their differential attenuation of the distal EPSPs.
First, whereas CA1 neurons have a large number of oblique
secondary dendrites in SR that shunt the synaptic current as it
propagates down the dendrite, CA2 neurons have very few obli-
que dendrites in SR. Second, distal EPSPs in CA1 neurons are
locally attenuated by the active properties of the dendrites,
including the presence of a very high density of HCN1 channels
in the distal dendrites, which act as a depolarizing shunt conduc-
tance (George et al., 2009; Magee, 1999). In contrast, immuno-
cytochemical light micrographs show that HCN1 channels
fail to accumulate in the distal CA2 dendrites (Notomi and
Shigemoto, 2004; Santoro et al., 2004). Moreover, based on
the size of the depolarizing sag in response to a hyperpolarizing
current pulse, there is also a much lower density of HCN
channel-generated Ih in the CA2 somato-dendritic compartment
compared to CA1 neurons.
Potential Physiological Role of CA2 Neurons
Our results in hippocampal slices can account for a number of
previous findings from in vivo recordings and behavioral anal-
yses. Thus, the powerful excitatory disynaptic circuit linking EC
to CA2 to CA1, combined with the marked feed-forward inhibi-
tion from CA3 to CA2, can explain how in vivo electrical stimula-
tion of entorhinal cortex inputs leads to the initial firing of CA2
neurons, followed by firing of CA1 and then CA3 neurons (Barte-
saghi and Gessi, 2004; Bartesaghi et al., 2006). Moreover, the
disynaptic circuit can account for the residual hippocampal-
dependent memory and high levels of CA1 place cell firing
in vivo following surgical or genetic lesions of CA3 (Brun et al.,
2002; Nakashiba et al., 2008). Although this residual hippo-
campal function was originally proposed to result from the ability
of the direct connection from LIII EC neurons to drive the firing of
CA1 neurons, such inputs generate weak EPSPs in the CA1
neuron soma, display little LTP, and recruit strong feed-forward
inhibition that suppresses CA1 neuron output. In contrast, the EC
inputs to CA2 neurons are strong and undergo robust LTP that
enhances the excitatory drive of the disynaptic path. This excita-
tionmay actually be enhanced upon lesion of CA3 due to the loss
of feed-forward inhibition, providing a potential explanation for
the elevated rate of CA1 neuron place cell firing in the lesioned
animals (Nakashiba et al., 2008).
The cortico-CA2 synapses are also likely to contribute to
hippocampal function and memory formation under normal
conditions when CA3 inputs are intact. Thus, mice lacking the
vasopressin V1b receptor, which is highly expressed in CA2
neurons (Young et al., 2006), show a selective impairment in570 Neuron 66, 560–572, May 27, 2010 ª2010 Elsevier Inc.episodic memory of the temporal order of events (DeVito et al.,
2009). In addition, lesions at the CA3/CA2 border impair hippo-
campal-dependent operant conditioning (Samuel et al., 1997).
Moreover, the finding that CA2 neurons exhibit place cell firing
in vivo similar to CA1 neurons (Martig and Mizumori, 2010) indi-
cates that the distal EC inputs are likely to provide a strong excit-
atory drive to the CA2 neurons in awake animals, given the fact
that theSC inputs toCA2neurons recruit a large net feed-forward
inhibition. Finally, CA2 neurons are the only hippocampal target
of the supramammillary nucleus (which also targets the dentate
gyrus), a structure involved in controlling the frequency of the
theta rhythm (Pan and McNaughton, 2002) and the spread of
epileptic activity (Saji et al., 2000) in the hippocampus. This
suggests that CA2 neurons may play an important role in the
modulation and synchronization of activity throughout the hippo-
campal network. Future studies using chemical or genetic lesions
of the CA2 neurons will be important to further define the role of
these neurons and the robust disynaptic circuit they mediate in
the physiological function of the intact hippocampus.EXPERIMENTAL PROCEDURES
Hippocampal Slices
Transverse hippocampal slices were prepared from 4- to 6-week-old C57BL6
male mice. In brief, animals were anesthetized and killed by decapitation in
accordance with institutional regulations. Hippocampi were dissected out,
and transverse slices (400 mM thickness) were cut on a vibratome (Leica
VT1200S, Germany) in ice-cold extracellular solution containing (in mM):
10 NaCl, 195 sucrose, 2.5 KCl, 15 glucose, 26 NaHCO3, 1.25 NaH2PO4,
1 CaCl2 and 2 MgCl2. The slices were then transferred to 30
C ACSF
(in mM: 125 NaCl, 2.5 KCl, 10 glucose, 26 NaHCO3, 1.25 NaH2PO4, 2 Na Pyru-
vate, 2 CaCl2 and 1MgCl2) for 30 min and then kept at room temperature for at
least 1.5 hr before transfer to the recording chamber. Cutting and recording
solutions were both saturated with 95% O2 and 5% CO2 (pH 7.4). All experi-
ments were performed at 33C.
Electrophysiological Recordings
Whole-cell recordings were obtained from pyramidal neurons in current clamp
mode at the restingmembrane potential or held at73mVwith a patch pipette
(3–5 MU) containing (in mM): 135 KMeS04, 5 KCl, 0.1 EGTA-Na, 10 HEPES,
2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine (pH 7.2; 280–290 mOsm). Series
resistance (typically 15–25 MU) was monitored throughout each experiment;
cells with more than 15% change in series resistance were excluded from
analysis. Extracellular field potentials were recorded with a patch pipette
containing 1 M NaCl. Synaptic potentials were evoked by monopolar stimula-
tion with a patch pipette filled with ACSF and located in the middle of stratum
radiatum, the middle of stratum lacunosum moleculare or in the middle of the
molecular layer of the dentate gyrus.
Recordings were obtained from CA2 pyramidal neurons located in the
pyramidal cell layer in the area following the end of the mossy fiber track
connecting the dentate gyrus to CA3. Neurons were identified according to
specific electrophysiological properties summarized in Table 1. The amplitude
of the sag during a 1 s hyperpolarizing step was quantified for hyperpolariza-
tion to 100 mV (from a initial potential of 70 mV). Stimulation of layer III
inputs was performed in the inner third of stratum lacunosum moleculare
between the recording sites for CA2 and CA1 neurons (200 mm from CA2
area). Some CA1 neurons were also recorded at the border with CA2 (see
Figure S2). Layer II inputs were activated by stimulation in themiddlemolecular
layer of the dentate gyrus. Polysynaptic responses resulting from successive
activation of granule cells and CA3 neurons were blocked with 1 mm DCG-IV.
CA3 neurons were recorded in the middle of CA3 (CA3b). Schaffer collateral
inputs were activated by stimulation in the middle third of stratum radiatum
at 200 mm from CA2 area.
Neuron
Integrating CA2 in the Cortico-hippocampal CircuitNeurons were held at – 70 mV for input-output curves, or at the resting
potential to study the impact of layer III and Schaffer collaterals on firing.
EPSPs were recorded in the presence of GABAA and GABAB blockers
(100 mM Picrotoxin and 2 mMCGP 55845A). Inhibitory transmission was quan-
tified by subtracting the synaptic potential in the presence of GABA blockers
from the response in the absence of blockers.
Field recordings of EPSPswere performed in stratum lacunosummoleculare
or stratum radiatum (Figures 1, 2, and 5A) in different hippocampal areas, or in
the somatic layer (Figure 5C).
The fiber volley was quantified after blocking excitatory and inhibitory
synaptic transmission with 50 mM D-APV, 10 mM NBQX, 100 mM Picrotoxin,
and 2 mM CGP 55845A.
LTP was induced by tetanic stimulation (100 pulses at 100Hz, repeated
twice at 20 s interval) after 10 or 20 min of stable baseline recording for
whole-cell or field recordings, respectively. The magnitude of LTP was esti-
mated by comparing averaged responses 40–50 min after the induction
protocol with baseline-averaged responses 0–10 min before the induction
protocol. Statistical comparisons were performed using Student’s t test.
Results are reported as mean ± SEM. All drugs were bath-applied following
dilution into the external solution from concentrated stock solutions.
Anatomical Identification of CA2 Pyramidal Neurons
Whole cell recordings from CA2 pyramidal neurons were obtained with the
fluorescent dye Alexa-fluor 594 cadaverin (50 mM) in the patch pipette solution.
The location of the recorded neurons in CA2was subsequently confirmed after
fixation of the slice for 1 hr in 4% paraformaldehyde in phosphate buffer (PBS).
We further confirmed the location in CA2 by staining the slice for a-actinin 2,
a protein enriched in the CA2 area (Wyszynski et al., 1998). After fixation, slices
were washed in PBS and permeabilized with 0.1% triton in PBS. Slices were
then incubated overnight in 3% goat serum in PBS with 0.1% triton followed
by overnight incubation with the mouse monoclonal anti-a-actinin antibody
(Sigma, St. Louis, MO; 1/50) at 4C. Slices were then washed and incubated
for 3 hr with a goat anti-mouse-Alexa 488 secondary antibody (Jackson
ImmunoResearch Lab; 1/250). Slices were washed overnight in PBS and
thenmounted in Fluoro-Gel and studied by confocal fluorescencemicroscopy.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this
article online at doi:10.1016/j.neuron.2010.04.013.
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